In this issue of Neuron, Shin et al. (2012) show that the dual leucine zipper kinase (DLK) is responsible for the retrograde injury signal in spinal sensory and motor neurons. DLK is required for the accelerated regeneration seen after axotomy and for the improved regeneration seen after a conditioning injury. DLK KO axons have severely reduced axon regeneration in vivo.
It is well appreciated that central nervous system (CNS) axons do not regenerate (Bradke et al., 2012) . Peripheral nervous system (PNS) axons luckily do regenerate and mount a robust response because of an intrinsic regeneration program. This cell-intrinsic regeneration program (thought to be a reactivation of the developmental program) is turned on by a retrograde injury signal that activates a transcriptional program (Figure 1 ) (Cavalli et al., 2005; Hoffman, 2010; Liu et al., 2011) . The difference between CNS and PNS neuron regeneration abilities is thought to be due to two factors: an ''inhibitory'' CNS environment and a ''weak'' activation of the intrinsic regeneration program. It is not known whether the weak activation of CNS neurons is due to differences in the intrinsic regeneration program or differences in the retrograde injury signal. The observation by Neumann and Woolf (1999) that a preconditioning cut to peripheral sensory axons suddenly allowed regeneration of their CNS axons was exciting to all who had long thought the inhibitory environment of the CNS was an insurmountable barrier. The cell-intrinsic axon regeneration capability could overcome the CNS inhibitory environment! But why was a preconditioning cut required? Did the second cut induce a novel regeneration mechanism or just increase the normal intrinsic regeneration response above a threshold level needed for regeneration in the CNS environment?
Much research has gone into identifying the molecular mechanisms responsible for the improved regeneration associated with a preconditioning injury (Hoffman, 2010) . The cell-intrinsic regeneration program is dependent on transcription factors activated by a retrograde injury signal delivered to the cell body (Cavalli et al., 2005; Liu et al., 2011) . A key component of the injury signal is phosphorylated cJun N-terminal kinase (JNK) that activates the AP-1 transcription factor c-Jun required for axon regeneration (Raivich et al., 2004; Cavalli et al., 2005) . Axotomy of PNS neurons induces a local response in the proximal stump that repairs damage, activates a retrograde injury signal, and initiates a growth cone (Bradke et al., 2012) . The initial outgrowth is often slow but accelerates after the retrograde injury signal activates the intrinsic regeneration program in the cell body (Figure 1 ). This is clearly seen with the preconditioning paradigm in which growth cone initiation occurs with a shorter latency, and growth cone motility is significantly increased (McQuarrie and Grafstein, 1973) .
In the current paper, Shin et al. (2012) identified the dual leucine zipper kinase (DLK) as the molecule required for the retrograde transport of the injury signal activating the intrinsic regeneration program. DLK is a mitogen-activated protein kinase kinase kinase (MAPKKK) that has been shown to activate JNK and p38 MAPK. Previous work has demonstrated roles for DLK in neural development as well as injury responses related to axon degeneration and apoptosis (Miller et al., 2009) . The homologs of DLK in C. elegans and Drosophila have also been implicated in regenerative responses after axotomy (Hammarlund et al., 2009; Yan et al., 2009; Ghosh-Roy et al., 2010; Nix et al., 2011; Xiong et al., 2010; Xiong and Collins, 2012) . Axon regeneration of both motor and sensory axons was severely delayed in the DLK knockout (KO) axons. Motor axon regeneration was assayed by scoring reinnervation of a hindlimb muscle after unilateral crush of the sciatic nerve. Wild-type axons reinnervated about 80% of the muscle endplates, while DLK KO axons reinnervated only 10% of the muscle endplates at 2 weeks postinjury. Sensory neuron regeneration was assayed by measuring the length of axons growing past the crush site 3 days postinjury. In this assay, the loss of DLK reduced growth of sensory neurons by about one half, although it was not possible to tell how much of the difference was due to delayed initiation of growth cones versus slower axon growth.
In addition, with the aim of gaining insights into the mechanisms involved, Shin et al. (2012) also assayed the early phase of axonal regrowth 1 day postcrush and found there was no difference in axon outgrowth, suggesting that the difference in regeneration seen in DLK KO axon is due to slower migration of growth cones. Looking more closely at growth cone formation by assaying regeneration in cultured dorsal root ganglion (DRG) neurons, they found that the ratio of severed axons that form growth cones within 2 hr of axotomy was not significantly different between wild-type and DLK KO axons. This result is somewhat unexpected since one might expect the DRGs to behave as if subject to a preconditioning injury (removal and plating of the cells would be the preconditioning injury and severing their axons in culture would be the second injury); yet regeneration is similar for both wild-type and DLK KO axons. However, these results support the hypothesis that DLK is required for improved growth cone performance subsequent to activation of the intrinsic regeneration program at the cell body, but not for the locally regulated initiation and extension of the growth cone.
Is DLK the signaling molecule responsible for the improved axon regeneration induced by a preconditioning injury? Wild-type sensory axons respond to a preconditioning injury with an accelerated regeneration after a second injury (McQuarrie and Grafstein, 1973; Hoffman, 2010) . Shin et al. (2012) found that this conditioning injury effect was completely abolished in DLK KO sciatic sensory axons in vivo. The sciatic nerve was crushed, 3 days later a second crush was made, and 1 day later axon growth was measured. Wild-type axons respond with a 2-fold increase in the ''index'' of regeneration, but the DLK KO axons showed no increase. They also examined the direct effect on growth cone extension in cultured DRG neurons by crushing the sciatic nerve, waiting 3 days, and then culturing the preconditioned cells. After 16 hr in culture, the wild-type axons showed the expected accelerated growth, but this effect was absent in the DLK KO axons. The loss of DLK abolished any response to a preconditioning injury (Figure 1) . The only preconditioning effect not mimicked by DLK seems to be the shortened latency to growth cone formation, but Shin et al. (2012) did not directly address whether there was a change in latency after a preconditioning injury in their experiments (Hoffman, 2010) .
Next, Shin et al. (2012) wanted to identify the molecular signals regulated by DLK and responsible for the retrograde activation of the cell-intrinsic regeneration program. As expected, they identified the known DLK/JNK target c-Jun (Raivich et al., 2004) . Phosphorylated c-Jun was assayed in the DRG cell nuclei in response to sciatic nerve crush and found to be completely blocked in the DLK KO cells. However, phosphorylated STAT3 is absent from DRG cell bodies after nerve crush in DLK KO cells. The level of phosphorylated STAT3 in crushed axons was unchanged in the DLK KO, suggesting that DLK might regulate its retrograde transport. They tested this model with a double ligation experiment and found that the retrograde transport of p-STAT, in addition to JIP3 and p-JNK, depends on DLK function. These results support a model in which DLK is the local axon injury sensor that functions to regulate the retrograde transport of signaling molecules activating the cell-intrinsic regeneration program (Cavalli et al., 2005) .
There are some surprising similarities between DLK function in mouse and C. elegans axon regeneration. The essential role of DLK-1 in axon regeneration was initially identified and characterized in C. elegans (Hammarlund et al., 2009; Yan et al., 2009) . Axon regeneration in D-type GABA motor neurons and PLM mechanosensory neurons is blocked in DLK-1 null animals. In GABA motor neurons, this block is at the stage of growth cone initiation. Why is there any regeneration in mouse DLK KO if DLK-1 signaling is essential in C. elegans? There are at least two possibilities; the smaller C. elegans motor neurons could rely entirely on DLK-1-mediated activation of the regeneration program because the distance from the axon to the cell body is relatively short, or it may be that the partially redundant MAPKKK MLK can compensate for the (Nix et al., 2011) . In support of the first possibility, PinanLucarre et al. (2012) recently reported that ALM neurons regenerate growth cones but grow slower in the absence of DLK-1. This is identical to the mouse axon regeneration phenotype described by Shin et al. (2012) and suggests that axon length may play a role in the response. It may be that neurons with longer axons rely more on a local injury response and constitutive growth to support axon regeneration. Certainly, there are quantitative differences in axonal transport between axons of different sizes and metabolic needs (Hoffman, 2010) .
Alternatively, MLK may play a more important role in axon regeneration in mouse. DLK and MLK coactivate both the JNK (kgb-1) and p38 (pmk-3) MAPK pathways, although DLK-1 plays the stronger role in C. elegans GABA motor neurons (Nix et al., 2011) . Again, the results of Pinan-Lucarre et al. (2012) hint that an alternative pathway may be at work. They report that regeneration of the ALM neuron in a kgb-1 mutant is reduced below that of a dlk-1 mutant, suggesting that significant activation of KGB-1 must be coming from elsewhere to support regeneration. The obvious candidate is MLK-1. This might also explain why Shin et al. (2012) did not observe a local effect on growth cone formation in DLK KO axons. DLK signaling is thought to influence local MT dynamics in both the proximal and distal parts of the cut axon (Hammarlund et al., 2009; Miller et al., 2009) , possibly via its activation of JNK (Tararuk et al., 2006; Conde and Cá ceres, 2009) . MLK signaling could be the alternate route of local JNK activation.
The preconditioning response quantitatively changes both the latency to growth cone formation and growth cone performance (McQuarrie and Grafstein, 1973) . Shin et al. (2012) show that DLK KO abolishes the increase in speed of axon regeneration associated with the preconditioning injury; however, they did not test for a change in the latency to growth cone formation. They did not find a difference between wild-type and DLK KO axons in the latency to growth cones induced by a single crush. Increased expression of DLK-1 in C. elegans GABA motor neurons and PLM sensory neurons significantly improves axon regeneration and, if DLK is solely responsible for the preconditioning response, should cause a similar effect to the preconditioning injury response (Hammarlund et al., 2009; Yan et al., 2009) . In fact, increased activity of DLK-1/Wallenda shortens the latency to growth cone formation after axotomy in both C. elegans and Drosophila motor neurons (Hammarlund et al., 2009; Xiong et al., 2010) . More importantly, increased DLK-1 activity improves growth cone performance in C. elegans motor neurons. Regeneration in older neurons often fails because of dystrophic growth cones that migrate poorly and stall before reaching their synaptic targets. Increased expression of DLK-1 in these older neurons transforms the growth cones to embryonic-like performance (Hammarlund et al., 2009 ). This suggests that at least some of the age-dependent decline in axon regeneration is due to a reduced retrograde injury signal and bodes well for DLK as a therapeutic target (Liu et al., 2011) .
All these results suggest that DLK is the key regulator of the injury signal and that there is nothing unique about the preconditioning injury. Instead it implies that the central branch of the DRG neurons simply does not generate a large enough retrograde injury signal to fully activate the regeneration program for CNS axon growth. The preconditioning injury signal would sum with the second injury signal to more fully activate the intrinsic regeneration program (Figure 1 ) (Hoffman, 2010) . It will be interesting to assay levels of DLK in the central processes of DRG and CNS neurons and look for differences in the retrograde transport of the injury signal (Hoffman, 2010) . This also suggests that the local axon injury response is not sufficient to support axon regeneration in the CNS environment and that a central response is critical to CNS regeneration. It will be important to test whether the CNS regeneration induced with a preconditioning injury is blocked in the DLK KO axons and whether DLK can induce regeneration in the central branch of the DRG neurons, mimicking the effect of the preconditioning injury (Neumann and Woolf, 1999) . The next key experiment determining DLK's potential as a therapeutic target will be testing its ability to improve axon regeneration in vivo in the mouse. If it can induce CNS neurons to regenerate, it may truly be the long-sought regulator of the retrograde injury signal (Hoffman, 2010; Liu et al., 2011; Bradke et al., 2012) .
